The single particle nanofabrication technique (SPNT) provides a facile and universal method to afford homogeneous, stiff, and semiconducting nanowires composed of fullerene derivatives. Following our previous success in methanofullerene (PCBM) nanowires hybridized with bulk heterojunction organic photovoltaics (OPV) of poly(3-hexylthiophene) (P3HT) and PCBM, we extended the research to indene C 60 bis-adduct (ICBA). The power conversion efficiency of P3HT:ICBA OPV incorporating optimized length of ICBA nanowires was improved from 2.36% to 2.92%, alongside the increase of short circuit current density. We also discuss the interaction between substrate and unexposed fullerenes by examining immersing time to isolate such a short (50 nm) and thin (11 nm in radius) ICBA nanowire.
Introduction
Since the intriguing electronic features have been observed in the efficient electron transfer from -conjugated polymer to fullerene, 1, 2) research on organic photovoltaics (OPV) of this framework has been the focus of great attention with the aim at providing flexible and low-cost light-harvesting devices. [3] [4] [5] [6] Bulk heterojunction (BHJ) OPV consisting of p-type conjugated polymer and n-type soluble fullerene is a simple but striking architecture for raising power conversion efficiency (PCE) by virtue of its bi-continuous interpenetrating network with a large p/n interfaces. 7) The underlying requirement for a high PCE is the formation of optimal BHJ, and therefore the deterioration of BHJ motif during a long-term operation impairs the PCE, 8) which must be addressed for the practical applications.
To this end, efforts have been devoted to the improvement of durability by thermal conversion from soluble to insoluble molecules, 9) photo-crosslinking reaction, 10),11) addition of surfactant diblock polymer, 12) and thermodynamically-stable self-organized scaffold. 13) Besides, incorporation of robust and well-defined organic nanowires (e.g. P3HT, 14) tetracene derivative, 15) phthalocyanyne 16) ) and inorganic ones (e.g. CdSe, 17) Ag 18) ) into OPV has been explored for securing the efficient transport pathway of charge carriers, [14] [15] [16] [17] sensitization, 16) transparent electrodes, 18) and enhancement of optical absorption by scattering 19) or grating 20) the incident sunlight.
Recently, we have reported the fabrication of fullerene nanowires 21) by the single particle nanofabrication technique (SPNT) 22, 23) and demonstrated its universal applicability to the wide range of fullerene derivatives. Along the individual trajectory of high-energy charged particle, 1-dimensional (1D) polymerization reaction is induced within the nanometer-scale cylindrical region. The 1D nanowires, visualized clearly after the development process, revealed their homogeneous density, radius, and length, which can be controlled easily by changing the fluence, energy (or molecular weight), and film thickness, respectively (Figure 1(a) ).
21~23) The hybridization of [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) nanowires with typical BHJ of regioregular poly(3-hexylthiophene) (P3HT, Figure 1 (b)) and PCBM led to a 7% increase in PCE from 2.73 to 2.91% in the inverted cells with optimized density and length of nanowires. 21) Herein we extend this fullerene nanowirehybridized BHJ to indene-C 60 bis adducts (ICBA, Figure 1 (b)), 24) which possesses the higher lowest unoccupied molecular orbital (LUMO) than PCBM. Accordingly the high open circuit voltage (V oc ) has been realized in combination with P3HT. 24 ),25) An inverted cell structure where ICBA nanowires are formed on the bottom cathode buffer layer (TiO x ) is employed and we extensively survey the impact of nanowire length on the device performanc
Experimental
ICBA (purity >99%), purchase from Frontier Carbon Inc. was dissolved in chlorobenzene (CB) and spin-cast on cleaned Si wafer. Film thickness was measured using a stylus surface profiler (Ulvac, Dektak 150). The films were irradiated using 490 MeV Os particles from the cyclotron accelerator at the Takasaki Advanced Radiation Research Institute (TIARA) of the Japan Atomic Energy Agency. The irradiated ICBA films were developed in CB for 10 min. The size and shape of the nanowires were observed by atomic force microscopy (AFM; Seiko Instruments Inc., Nanocute OP and Nanonavi II).
Poly(3-hexylthiophene) (P3HT; >98% headto-tail regioregularity, 99.995% trace metals basis, M n = 3 -6 × 10 4 g mol -1 , M w /M n < 2.5) was purchased from Aldrich. Solvents were purchased from Kishida Kagaku Corp. and were used as-received without further purification. PEDOT:PSS (Baytron P VP AI 4083) and ITO-coated glass substrates (<15 Ω square -1 ) were purchased from H. C. Stark and Sanyo Shinku Corp., respectively. The ITO glass substrates were successively cleaned in tetrahydrofuran, detergent, de-ionized water, acetone, and isopropyl alcohol for 10 min each with ultrasonication. The dried ITO glass substrates were subjected to UV-ozone treatment.
The TiO x precursor (Koujundo Kagaku Corp.) was cast on the ITO layer by spin-coating after passing through a 0.2 μm filter.
21) The layers were annealed on a hot plate at 150 °C for 10 min. A 2 wt% chloroform solution of ICBA was cast onto the TiO x layer in a nitrogen glove box by spin-coating after passing through a 0.2 μm filter. The films were irradiated with 490 MeV Os particles, developed with CB, and the P3HT:ICBA active layer was cast by spin-coating of o-dichlorobenzene solution and annealed in a glove
box. An aqueous solution of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with 1 wt% poly (ethylene)glycol as a surfactant was dropped onto the active layer after passing through a 0.2 μm filter and immediately spin-coated. The layers were annealed on a hot plate at 150 °C for 10 min. The anode consisted of a 50 nm Au layer was deposited through a shadow mask on top of the active layers by thermal evaporation in a vacuum chamber. The resulting device configuration as shown in Figure 1 (c) was ITO (120-160 nm)/TiO x (ca. 10 nm)/active layer (ca. 220 nm)/PEDOT:PSS (50-100 nm)/Au (50 nm) with an active area of 7.1 mm 2 . Current-voltage (J-V) curves were measured in the similar fashion with our report, 26) by using a source-measure unit (ADCMT Corp., 6241A) under AM 1.5 G solar illumination at 100 mW cm -2 (1 sun) using a 300 W solar simulator (SAN-EI Corp., XES-301S).
Results and discussion
AFM micrographs of ICBA nanowires formed on Si wafers are displayed in Figure 2(a) . To avoid the spatial overlaps, the fluence of exposed ion beam was reduced to 2 × 10 8 cm -2 , one fifth of that used in the nanowire-hybridized OPV. The length of the nanowires, corresponding perfectly to the original film thickness, 21) is increased straightforward from ca. 50 to 200 nm, highlighting the rigid and stiff nature of the fullerene nanowires in sharp contrast to the soft and flexible nanowires made of synthetic polymers. 27) ~29) The radius of ICBA nanowires was reported to be 10.9 ± 1.1 nm, 21) slightly larger than bare C 60 (7.9 ± 1.0 nm) and PCBM (8.6 ± 0.8 nm), suggestive of the correlation between the density of the fullerene film and the nanowire radius. Because ICBA, bulky indene bis-adduct of fullerene, is a mixture of stereoisomers which ensures the solubility in organic solvents by preventing the excessive crystallization, the film would have looser packing than mono-adduct PCBM and bare C 60 . Another important aspect of fullerene nanowires is its extremely high cross-linking efficiency. The G value, defined by the number of chemical reactions per 100 eV absorbed energy used in radiation chemistry, is as large as 55 (100 eV) -1 , 21) more than two orders of magnitude higher than those of polymers (0.1 ~ 1 (100 eV) -1 ), 30) and even higher than the initial ionization yield (ca. 5 (100 eV) -1 ). 31) This is indicative of a chain polymerization reaction of presumed [2+2] cycloaddition 31) mediated by reactive intermediates produced via ionization.
By comparing the morphologies of the nanowires of different lengths, one might notice that large island-like features exit in The bundling of nanowires during the short development process (ca. 10 min) is not plausible, because the terminal of the nanowire is covalently connected to the Si wafer and the density of the nanowires is always equivalent to the fluence. Furthermore, the number density of hemispherical structures on an unit area was almost identical to the number of incident particles, suggesting again small contribution of bundling of nanowires which leads to considerable decrease in the number density of structure via aggregation. One possible explanation is that the strong aggregating nature of fullerenes 33), 34) onto both the latent image of nanowires and substrate does not allow dissolving during the short development time. In the case of long nanowires (> 100 nm), unexposed fullerenes on the surface of thick film are easy to be developed, due to the negligible interaction with the substrate. Subsequently the solvent molecules are able to penetrate into the deep area assisted by effective solvation and exchange of fresh solvent molecules. To clarify this expectation, we kept the 50 nm-length nanowires (Figure 2(a) ) in chlorobenzene for extra 30 min. The AFM image after the long development process is shown in Figure 2 (e). The island-like structures are not observed anymore and the short nanowires are clearly resolved. Therefore we conclude that short nanowires (i.e. thin film) need a long development time because of the non-negligible interaction between the substrate and fullerenes. Based on the observed length of the ICBA nanowires, the aspect ratios of nanowires are determined as 4.6 to 18.3 with negligibly small distribution. The ratio seems to be high enough as realized by conventional miniaturization of organic materials, however feasibility of SPNT has been demonstrated to achieve 1D-nanowires with ultra-high aspect ratio. 35) ,36) This is the case giving uniform distribution of nanowire length with negligibly small distribution.
BHJ-type OPVs of P3HT:ICBA were fabricated by incorporating ICBA nanowires with different lengths. The thin ICBA films on TiO x /ITO/glass were exposed to 490 MeV Os ions at the fluence of 10 9 cm -2 and developed in chlorobenzene. This fluence was chosen on the basis of the successful example of P3HT:PCBM.
21) The P3HT:ICBA (1:1 w/w%) and PEDOT:PSS layers were subsequently spin-coated, annealed, and Au anode was thermally deposited in a vacuum chamber. The L = 0 nm corresponds to the device without ICBA nanowires, but it was immersed in chlorobenzene prior to casting the active layer in the similar fashion with the hybridized devices. The PCE underwent 23% enhancement from 2.36 to 2.92% by incorporating 50 nm-length ICBA nanowires, mainly ascribed to the increase in J sc (6.07 to 7.59 mA cm -2 ). The favorable vertical segregation of n-type ICBA nanowires on the bottom cathode is assumed responsible for this improvement, being line with the previous reports on the effect of post-annealing.
37) The V oc (~ 0.73 V) and FF (0.53) are not affected so much for the short nanowires (<75 nm), and thus the PCEs of 50 and 75 nm nanowires were almost identical (2.92 and 2.84%, respectively). These results look exactly like what we observed in OPV of PCBM nanowires-hybridized P3HT:PCBM, 21) although the optimized length of nanowires became half of the PCBM case (ca. 120 nm). The observed V oc is, however, lower than that of well-optimized normal cell of P3HT:ICBA without nanowires (0.87 V), 24) indicating that there are still margin of improvement by fine-tuning of processing condition. The presence of lengthy nanowires (> 200 nm) turned to deteriorate the device performance, in good correspondence with the trend found in PCBM nanowires. 21) The 200 nm length is comparable with the active layer thickness (ca. 220 nm), and thus ill-directed flow of charge carriers and/or trap at the electronically-damaged parts of nanowires might be involved, leading to the increase of charge recombination that cannot contribute the photocurrent.
The fullerene nanowires are thermally stable because of the covalent polymerization, as evident from the preservation of their structures ever after thermal annealing. 21) This could open up opportunities to create a versatile platform of not only electronic applications but also manipulators, 29) thereby widening the scope for potential application of this uniform, controllable, and semiconducting organic nanowires.
Conclusion
ICBA nanowires-hybridized P3HT:ICBA (1:1 w/w) OPVs were investigated, demonstrating 23% improvement of PCE from 2.36% without nanowires to 2.92% by incorporating 50 nm-length nanowires at the ion beam fluence of 10 9 cm -2
. The increase in J sc is the primary factor, which is thought arisen from the favorable vertical segregation of n-type ICBA nanowires on the bottom cathode of inverted cell. For the complete development of such short nanowires, more sufficient immersing time is necessary than that for the long nanowires, due to the relative increase of aggregating interaction between unexposed fullerene and substrate. The robust nature of the 1D fullerene nanowires offers plenty of room for further functionalization of their electronic and mechanical properties. 
